The mouse has been the dominant model organism in studies on the development, genetics and evolution of the mammalian skull and associated soft-tissue for decades. There is the potential to take advantage of this well studied model and the range of mutant, knockin and knockout organisms with diverse craniofacial phenotypes to investigate the functional significance of variation and the role of mechanical forces on the development of the integrated craniofacial skeleton and musculature by using computational mechanical modelling methods (e.g. finite element and multibody dynamic modelling). Currently, there are no detailed published data of the mouse masticatory musculature available. Here, using a combination of micro-dissection and non-invasive segmentation of iodine-enhanced micro-computed tomography, we document the anatomy, architecture and proportions of the mouse masticatory muscles. We report on the superficial masseter (muscle, tendon and pars reflecta), deep masseter, zygomaticomandibularis (anterior, posterior, infraorbital and tendinous parts), temporalis (lateral and medial parts), external and internal pterygoid muscles. Additionally, we report a lateral expansion of the attachment of the temporalis onto the zygomatic arch, which may play a role in stabilising this bone during downwards loading. The data presented in this paper now provide a detailed reference for phenotypic comparison in mouse models and allow the mouse to be used as a model organism in biomechanical and functional modelling and simulation studies of the craniofacial skeleton and particularly the masticatory system.
Introduction
The mouse (Mus musculus) has dominated work on the development, genetics and evolution of the mammalian skull and associated soft-tissue for decades. During this time the emphasis has shifted from one of general qualitative description of changes at the cellular level, and to a lesser extent at the organ system level, to the quantification and investigation of morphological outcomes following genetic and/or experimental manipulation, from dietary regimes through to surgical interventions (Maedaa et al. 1987; Byron et al. 2004; Yamada et al. 2006; Kyrkanides et al. 2007; Byron et al. 2008) . As detailed knowledge of mouse craniofacial anatomy is a prerequisite to such work it is generally assumed that this essential knowledge base is well established. Authors have focused attention on the anatomy of the brain (Klintworth, 1968) , limbs (Pomikal & Streicher, 2010) , internal organs (Berry, 1900; Roberts, 1975) and the embryology (Kaufman, 1992; Brune et al. 1999; Kaufman & Bard, 1999) of the mouse, with very few detailed descriptions of mouse musculature or craniofacial skeletal anatomy, and no accurate description of the masticatory musculature of this species is available in the literature.
Although mouse models have been widely used in many scientific disciplines for decades there has been a recent resurgence in the use of mice to explore morphological questions, and this species is proving extremely valuable in understanding craniofacial development, morphology, function and evolution. Several authors have employed the mouse in studies of craniofacial morphological development and variation (Leamy, 1993; Christian Peter, 2002; Byron et al. 2004; Morriss-Kay & Wilkie, 2005; Willmore et al. 2006a; Vecchione et al. 2007; Boughner et al. 2008; Hallgrimsson & Lieberman, 2008; Lieberman et al. 2008; Cray et al. 2011) . Contemporary investigation of integration and modularity has also often focused on the mouse as a model (Mezey et al. 2000; Klingenberg et al. 2003; Hallgr ımsson et al. 2004a Hallgr ımsson et al. ,b, 2006 and this species has played a significant role in the understanding of the adaptive evolution of morphology and the function of genetics in such evolution (Atchley et al. 1985a (Atchley et al. ,b, 1988 Cheverud et al. 1991; Klingenberg & Leamy, 2001; Willmore et al. 2006b; Ravosa et al. 2008; Renaud et al. 2010) . Additionally, medical and dental science has benefitted from the mouse as a model through the investigation of pathological conditions affecting craniofacial morphology: Cleft lip (Chai & Maxson, 2006; Parsons et al. 2008) ; Down Syndrome (Richtsmeier et al. 2002; Hill et al. 2007 ); Craniosyntosis (Perlyn et al. 2006) ; Midfacial retrusion (Lozanoff et al. 1994) ; Craniofacial dysmorphology (Tobin et al. 2008) . As the mouse has in the past, and continues to play, such a crucial role in the advancement of understanding of craniofacial development, morphology and evolution it is surprising that very little published data exists regarding the anatomy, and in particular the muscular anatomy of the craniofacial complex of Mus musculus.
Despite the paucity of published descriptive mouse anatomy, a significant amount of literature exists regarding rodent masticatory anatomy in general (Greene, 1936; Yoshikawa & Suzuki, 1969; Turnbull, 1970; Hiiemae & Houston, 1971; Weijs, 1973; Weijs & Dantuma, 1975; Coldiron, 1977; Woods & Howland, 1979; Janis, 1983; Woods & Hermanson, 1985; Offermans & De Vree, 1989; Ball & Roth, 1995; Satoh, 1997; Olivares et al. 2004; Satoh & Iwaku, 2004 Hautier & Saksiri, 2009; Satoh & Iwaku, 2009; Druzinsky, 2010a,b; Cox & Jeffery, 2011) as well as bite force and feeding mechanics in rodents (Hiiem€ ae & Ardran, 1968; Gorniak, 1977; Robins, 1977; Mosley & Lanyon, 1998; Satoh, 1998 Satoh, , 1999 Nies & Young Ro, 2004; Freeman & Lemen, 2008a,b; Williams et al. 2009 ). Patel (1978) presented a paper regarding the bone-muscle complex of the masticatory apparatus of Mus musculus. This study, however, was investigated through dissection alone and, given the size of the mouse, it is appreciably incomplete and provides little detail of the origins and insertions of the muscles. To the best of the authors' knowledge no other literature exists regarding either the muscular anatomy or the bite force and feeding mechanics of Mus musculus.
In this study we present, for the first time, a detailed description of the masticatory apparatus of Mus musculus. Using contemporary high resolution micro-computed tomography (micro-CT) with iodine staining, complemented by more traditional dissection techniques we provide a comprehensive description of mouse masticatory musculature that will enable this model organism to be utilised further in an array of disciplines and fields. The methodology of using contrast-enhanced micro-CT imaging coupled with reconstruction techniques is the same as that used by Cox & Jeffery (2011) , based upon the work of Metscher (2009) and Jeffery et al. (2011) . While micro-CT imaging methods have been employed in quantitative studies of variation (Hallgr ımsson et al. 2007 ) and development (Parsons et al. 2008) in the craniofacial region of mice, the use of contrast-enhanced micro-CT imaging to document non-invasively and to incorporate muscular architecture in such studies thus far remains a little utilised technique. Such contrast-enhanced scanning techniques are more commonly utilised in vascular and cardiac research, both in humans (Aslanidi et al. 2012 ) and other mammals including mice (Badea et al. 2008) , and even to image anthropod circulatory systems (Wirkner & Richter, 2004; Wirkner & Prendini, 2007) . These techniques have also been used to investigate jaw muscle anatomy in the alligator (Tsai & Holliday, 2011) . The reporting of accurate three-dimensional reconstructions of mammalian post-natal craniofacial musculature from contrast-enhanced micro-CT imaging to provide valuable detail for comparative, developmental, functional and quantitative studies of morphology is, however, so far limited to the rat, squirrel, guinea pig and spiny rat (Cox & Jeffery, 2011; Cox et al. 2012; Hautier et al. 2012 ). The present study sits alongside the work of Cox & Jeffery (2011) in providing a direct comparison with those three rodents that have been described using the same technique as presented here.
The ongoing status of the mouse as an ideal model organism for investigation and understanding craniofacial development, morphology, function and evolution, combined with exciting and fast-moving developments in the field of comparative anatomy and morphology, has resulted in the urgent need for an excellent description of mouse masticatory anatomy.
This study constructs the foundation for a series of future investigations of form and function. Many authors have taken advantage of the versatility of the mouse in the investigation of variance, canalisation, modularity, integration, functional significance and other fundamental areas of focus in the exploration of form, function and evolution. This large body of studies has included comparative work of different strains, species (Auffray et al. 1996; CordeiroEstrela et al. 2006; Machol an, 2008; Machol an et al. 2008) , geographic populations (Corti & Rohlf, 2001; Renaud & Michaux, 2007; Machol an et al. 2008) , hybrids (Debat et al. 2006 ) and mutant (Hallgr ımsson et al. 2006; Perlyn et al. 2006; Kawakami & Yamamura, 2008) mice. The present study is limited to one species but the detailed and precise anatomical investigation of Mus musculus provided here will be utilised in future investigations characterising functionally significant variations in morphology among both different mutant strains and rodent species. Not only will this current work allow the investigation of the functional significance of variation and the role of mechanical forces in the development of the craniomaxillary complex through computational mechanical modelling techniques such as finite element analysis (FEA) and multibody dynamic modelling (MDA), it will also serve as an invaluable reference for phenotypic comparison with other strains and species of mice.
Materials and methods

Dissection
Detailed dissection was carried out on four Mus musculus specimens. These specimens were acquired from Newton Resources (Jarrow, UK). Using a micro-dissection kit each specimen was carefully dissected to reveal muscle insertions, attachments and morphology. Superficial muscles were first retracted to reveal deep muscles, and later removed. Individual muscle masses from one specimen of Mus musculus were then collected using digital scales. The dissection was documented and photographed using a Canon G9 digital camera (Fig. 2) .
Three-dimenstional (3D) skull and muscle reconstruction Contrast-enhanced micro-CT data for one adult specimen of Mus musculus (adult, BALB/c background strain) was carried out by one of us (N.S.J.; see Jeffery et al. 2011 ). This specimen was acquired post-mortem from Charles River UK Ltd.
A solution of iodine potassium iodide (I2KI) was used as the contrast agent to increase the differential attenuation of X-rays among the soft tissues. This technique has been shown not only to differentiate effectively between individual muscles and bone, but also to demonstrate patterns of muscle fibres and fascicles alongside connective tissues (Cox & Jeffery, 2011; Jeffery et al. 2011 ).
The specimen was fixed in a phosphate-buffered formal saline solution (polymerized formaldehyde dissolved as a 4% solution in phosphate-buffered saline, allowing for the long-term storage with limited tissue shrinkage) and then placed in 3.75% I2KI contrast agent for 7 days. Although it is possible that muscle shrinkage may occur with this technique, the effect is likely to be relatively small given the low concentration of I2KI used and should be consistent across all muscles, and thus should have no effect on the relative proportions reported or qualitative muscle descriptions. The specimen was then imaged with the Metris X-Tek custom 320 kV bay system at the EPSRC-funded Henry Moseley X-ray Imaging Facility at the University of Manchester. Imaging parameters were optimised for the individual specimen to maximise the spatial and contrast resolution (75 kV; 105 uA). Voxel resolution was isotropic with vertices of 0.033 mm ).
The contrast-enhanced micro-CT images were viewed using AVISO6.3, 3D visualisation software designed for visualisation, analysis and modelling of scientific data (Aviso6, Visualisation Sciences Group, Berlin, Germany).
A three-dimensional reconstruction of the masticatory musculature of Mus musculus was carried out using the segmentation function of AVISO6.3. Each masticatory muscle, major masticatory tendon and the craniofacial skeleton and mandible were individually reconstructed. The techniques of contrast enhancement of muscles prior to scanning results in clarity and distinction of individual muscles but has the disadvantage of reducing the contrast difference between muscle and bone. As iodine as a contrast agent reduces the contrast resolution between bone and the surrounding tissues, a scan is produced in which greyscale values are not sufficiently different between muscles and bone, and thus the automated division of these two different materials that is usually possible with a CT scan (through use of a threshold function available in visualisation software such as AVISO6.3) is not possible here. Consequently, all muscle and bone reconstructions were built manually. The contrast-enhanced micro-CT scan was loaded into AVISO6.3, and muscles of interest were carefully identified and painted. Where appropriate, an interpolation function was used to insert material between two selected areas approximately 10 slices apart to improve the efficiency of the process. A smoothing function was applied to reduce the blocky appearance of the reconstruction.
Attachment areas of the muscles were established through segmentation of the contrast-enhanced micro-CT scan independent of that of the muscle volumes. While muscle boundaries on the scan are distinguished via the appearance of a darker greyscale band between the muscle in question and adjacent structures, attachment areas were determined as regions of the scan in which no darker band was present between muscle and bone, and instead, a merging of the greyscale appearance of the two was observable. The authors acknowledge that the subjective nature of this method may introduce some error.
Following completion of the 3D reconstruction, an output of each individual muscle volume was calculated by AVISO6.3. Assuming a muscle density of 1.0564 g cm
À3
, individual muscle masses were calculated (mass = volume 9 density) (Murphy & Beardsly, 1974) . Volumes, masses and percentages of muscles are outlined in Table 1 .
The masticatory musculature revealed through both dissection and 3D muscle reconstructions was compared to that in previous literature. The literature consulted was as follows: Ball & Roth, 1995 
Nomenclature
Despite there being very little published work regarding the craniofacial anatomy and musculature in Mus musculus, a number of publications exist detailing the masticatory anatomy of species in the rodent order, including the rat (Greene, 1936; Hiiemae & Houston, 1971; Weijs, 1973; Cox & Jeffery, 2011) ; capromyid rodents (Woods & Howland, 1979) ; hystricognath rodents (Woods & Hermanson, 1985) ; new world squirrels (Ball & Roth, 1995) ; old world hamsters (Satoh & Iwaku, 2004) ; northern grasshopper mouse (Satoh & Iwaku, 2006) ; Loatian rock rat (Hautier & Saksiri, 2009) ; mountain beaver (Druzinsky, 2010a,b) and many more. A number of different nomenclatures currently exist throughout this body of literature as regards both rodent and general mammalian craniofacial muscular anatomy (Druzinsky et al. 2011) . In this paper we will follow the system of a number of authors, with three layers of the masseter observed and identified as the superficial masseter, the deep masseter, and the zygomaticomandibularis. The temporalis is also divided into two parts, the lateral and medial temporalis, reflecting their anatomical relationship. The pterygoids are referred to in reference to their origin on and in the pterygoid fossa, as the internal and external pterygoid muscles (Turnbull, 1970; Weijs, 1973; Ball & Roth, 1995; Cox & Jeffery, 2011) .
Other authors have opted for different nomenclatures: some authors have named the three layers of the masseter as the superficial, lateral and medial masseter (Wood, 1965; Woods, 1972; Hautier & Saksiri, 2009 ); others use a combination of the latter system and that used in this paper (Offermans & De Vree, 1989; Satoh & Iwaku, 2004 Druzinsky, 2010a,b) . An additional variation found is in the naming of the rostral expansion of the innermost layer of the masseter, referred to here as the infraorbital zygomaticomandibular, sometimes referred to as the maxillomandibularis (Coldiron, 1977; Janis, 1983) .
The sole published work specifically regarding the anatomy of the masticatory muscles of Mus musculus (Patel, 1978) combines a number of the nomenclatures described above. Patel (1978) differentiates and classifies the masticatory muscles of the mouse as the superficial masseter, deep masseter (consisting of an anterior deep masseter, infraorbital part of the anterior deep masseter, and posterior deep masseter), temporalis (anterior fasciculus, posterior fasciculus and zygomaticus fasciculus) and the pterygoids (external and internal).
The nomenclature elected in this paper has been chosen for its consistency with that used in the literature for most other mammalian groups (Storch, 1968; Coldiron, 1977; Janis, 1983; Druzinsky et al. 2011 ) and for its uniformity with Cox & Jeffery (2011) who have applied the same techniques reported here to other rodent taxa. This system is also favoured as it clearly reflects the anatomical relationships and positions of the musculature. Figure 1 illustrates the bony anatomy of the cranium and mandible of Mus musculus. Enhanced photographic images of dissection results are given in Fig. 2. Figures 3-6 show the enhanced micro-CT 3D reconstructions of the muscles of mastication in Mus musculus. Table 1 gives the corresponding muscle volumes, masses and percentages.
Results
Superficial masseter
The superficial masseter muscle is clearly distinguished both on micro-CT and through dissection. A significant unipenate masticatory muscle, the superficial masseter and its tendon account for 19% of the total muscle mass (Table 1) .
Alongside its tendinous sheet that covers about one-third of the lateral surface, the superficial masseter runs obliquely from the anterior portion of the cranium to the posterior portion of the mandible. Roughly triangular in shape and passing obliquely, this muscle directly overlies approximately half of the deep masseter, which lies immediately medial to the superficial muscle (Figs 2A and 3) .
The tendinous origin of the superficial masseter attaches to a small process on the maxillary bone of the cranium, immediately medioventral to the infraorbital foramen. Fibres originating from the tendinous sheet run posteriorly, following the oblique path of the tendon and muscle, and insert onto the body of the mandible on both the lateral and medial surfaces (Fig. 6A) . The superficial masseter has a slender yet lengthy insertion along the ventral border of the mandible. This attachment area lays on both the ventromedial and the ventrolateral surfaces. On the lateral surface, directly beneath the attachment of the deep masseter, this attachment runs from the angle of the mandible to a position ventral to the first molar (Fig. 4E) . Similarly, on the medial surface, reflected fibres run from the angle of the mandible to a position ventral to the first molar, with the height of the attachment area increasing in the portion beneath the third molar (Fig. 4F) .
A dorsal elongation of the reflected part of the superficial masseter onto the medial surface of the mandible is present. This pars reflecta (Turnbull, 1970; Woods, 1972; Weijs, 1973; Cox & Jeffery, 2011; Druzinsky et al. 2011) attaches along a clearly defined ridge just anterior to the attachment of the internal pterygoid (Figs 3 and 4F ).
Deep masseter
The deep masseter is the largest masticatory muscle in the mouse, accounting for 33% of the overall muscle mass (Table 1) . This large muscle lying medial to the superficial masseter takes the form of a broad parallelogram, spanning the length of the jugal bone and covering the majority of the mandible (Fig. 3) .
Whereas in other rodents a clear division of the deep masseter into anterior and posterior parts is reported (Cox & Jeffery, 2011) , in the mouse no clear distinction between two such regions was found on either dissection or segmentation of micro-CT images. A number of septa within the deep masseter are visible on micro-CT, yet none of these is fully discernible as an anterior-posterior divide and no variation in fibre direction suggestive of such a separation was observed (Fig. 6) . The deep masseter is thus reported as a single muscle in the present study.
The deep masseter originates from the ventrolateral surface of the jugal bone. This attachment spans almost the entire length of this bone, running anteriorly from the anterior-most point on the rim of the zygomatic process of the maxilla, to the jugosquamosal suture (Fig. 4) . Muscle fibres run posteroventrally from their origin on the jugal bone to meet their attachment area on the surface of the mandible (Fig. 6) .
The deep masseter inserts onto the lateral surface of the mandible with an attachment area so great that it Fig. 1 Key anatomical regions on the cranium and mandible in Mus musculus: as, articular surface; cnp, condyloid process; ap, angular process; mr, masseteric ridge; cp, coronoid process; dr, dental ridge; prm, premaxilla; nas, nasal; fr, frontal; aef, anterior ethmoidal foramen; mx, maxilla; zpm, zygomatic process of maxilla; bs, basosphenoid; par, parietal; zpsq, zygomatic process of squamosal bone; ipar, interparietal; eam, external auditory meatus; tb, tympanic bulla; pop, paraoccipital process; oc, occipital condyle; pal, palatine; as, alisphenoid; jb, jugal bone; jss, jugosquamosal suture; jms, jugomaxillary suture. covers a large proportion of this surface. This attachment sits directly above that of the superficial masseter and below that of the anterior and posterior zygomaticomandibular, stretching across the surface of the mandible from the angle to a point ventral to the first molar. The inferior border of this attachment runs from the angular process, along the masseteric ridge, to a point ventral to the anterior border of M1. The anterior border of this attachment begins at the point of greatest curvature between the angular process and the condylar process, runs anterodorsally to meet the inferior border of the attachment of the posterior zygomaticomandibularis, and then passes posteroventrally to the anterior-most point on the masseteric ridge, ventral to the anterior border of M1 (Fig. 4E ).
Zygomaticomandibularis
The zygomaticomandibularis is a muscle less acknowledged in the literature and less conventional in its morphology. Several authors do not recognise the zygomaticomandibularis as a separate muscle from the deep masseter in rodents (Hiiemae & Houston, 1971; Byrd, 1981; Satoh, 1997 Satoh, , 1998 Satoh, , 1999 . In contrast, we found that on micro-CT there is a clear distinction between the deep masseter and the zygomaticomandibularis in the mouse, as is also found in the squirrel, rat and guinea pig (Cox & Jeffery, 2011) . A clear division between an anterior and posterior part of this muscle, as well as a rostral expansion termed the infraorbital zygomaticomandibularis are also found here in the mouse.
Viewed as a whole, the zygomaticomandibularis begins anteriorly as a small bulb-like muscle sitting in a fossa in the maxillary bone anterodorsal to the infraorbital foramen. This muscle then passes posteriorly through the infraorbital foramen, attaching along the length of the jugal bone on the mediodorsal surface. The zygomaticomandibularis then travels ventrally, medial to the jugal bone, to attach onto the dorsolateral surface of the mandible (Fig. 3) . Despite the length of the entire zygomaticomandibularis being greater than that of the deep masseter, this is a slim and relatively short muscle which, viewed as a whole, still accounts for only 9% of the total masticatory muscle mass in the mouse (Table 1) . Below we approach and describe this muscle as its three constituent parts: the infraorbital zygomaticomandibularis, the anterior zygomaticomandibularis and the posterior zygomaticomandibularis.
Anterior zygomaticomandibularis
The anterior zygomaticomandibularis is the largest part of this muscle, accounting for 58% of its total muscle mass. This muscle originates from the dorsomedial surface of the zygomatic arch, anteriorly from the point of greatest curvature on the medial surface of the zygomatic process of the maxilla, to the jugosquamosal suture of the jugal bone (Fig. 4B) . There is also a small attachment area of this muscle on the maxillary bone, posteroventral to the zygomatic process of the maxilla (Fig. 4A) . Muscles fibres run ventrally to attach onto the lateral surface of the mandible.
The anterior zygomaticomandibularis inserts onto the lateral surface of the mandible, with an attachment area that encompasses almost the entirety of the coronoid. Sitting directly dorsal to the attachment of the deep masseter, this attachment runs obliquely from a point ventral to the first molar towards the coronoid process, sparing the very tip of this coronoid where the lateral temporalis attaches. The anterior zygomaticomandibularis attachment continues posterior of the coronoid, finishing at the point of greatest curvature between the coronoid process and the condylar process, where it meets the attachment of the posterior zygomaticomandibularis (Fig. 4E) .
The zygomaticomandibularis also has a thick tendinous band that inserts onto the lateral surface of the mandible, ventral to the anterior border of M1 and anterior to the attachment of the deep masseter (Figs 3 and 4E) . In addition to its attachment area on the lateral surface of the coronoid, fibres from the anterior zygomaticomandibularis insert onto this tendon.
Posterior zygomaticomandibularis
Accounting for just 13% of the total mass of the zygomaticomandibularis, the posterior section is the smallest of the three parts of the zygomaticomandibularis (Table 1) . This small muscle forms a bridge between the very posterior portion of the jugal bone and the mandible.
The posterior zygomaticomandibularis originates from a small area of bone on the lateral posterior border of the jugal bone, at the point where the squamosal bones extend to meet the jugosquamosal suture. This slim attachment area lies directly posterolateral to the lateral expansion of the attachment of the medial temporalis onto the squamosal bone.
Fibres of the posterior zygomaticomandibularis pass anteroventrally, lateral to the jugal bone, to insert onto the lateral surface of the mandible. Again this is a relatively small attachment area, extending from the posterior border of the attachment of the anterior zygomaticomandibularis at the point of greatest curvature between the coronoid process and the condylar process, to a point just anterior to the condylar process. This attachment area lies directly dorsal to the attachment of the deep masseter (Fig. 4E) .
Infraorbital zygomaticomandibularis
The infraorbital zygomaticomandibularis is again a relatively small masticatory muscle in the mouse, accounting for 27% of the muscle mass of the zygomaticomandibularis, but only 2.4% of the overall muscle mass. This is a distinctive muscle, lying in a fossa on the maxilla anterior to the infraorbital foramen, passing posteriorly through the infraorbital foramen and then ventrally, medial to the jugal bone to attach onto the lateral surface of the mandible.
The infraorbital zygomaticomandibularis originates from a concavity in the maxilla, ventral to the nasal bone, medial to the zygomatic process of the maxilla, anterior to the orbit, and posterior to the premaxillomaxillary suture. The infraorbital zygomaticomandibularis attaches onto the lateral border of this concavity and also onto the medial surface of the zygomatic process of the maxilla (Fig. 4) .
Fibres of the infraorbital zygomaticomandibularis pass posteriorly through the infraorbital foramen, and then once through the foramen, immediately descend ventrally, medial to the jugal bone, to insert onto the lateral surface of the mandible. This insertion is via a thick tendinous band that has a relatively small attachment area directly ventral to the anterior border of M1, anterior to the attachment of the deep masseter and immediately dorsal to the attachment area of the superficial masseter (Fig. 4E) . Fibres of the infraorbital zygomaticomandibularis are joined by fibres of the anterior zygomaticomandibularis in their attachment to this tendinous band. Although it is difficult to determine on the micro-CT images and, due to the small size of these muscles, on dissection, fibres from the infraorbital zygomaticomandibularis may also attach to the medial border of the jugal bone or join those of the anterior zygomaticomandibularis as these two muscles run ventrally together to attach to the tendon.
Temporalis
The temporalis muscle is a major masticatory muscle, accounting for 22% of the overall muscle mass, and is thus the second largest masticatory muscle in the mouse. In rats (Cox & Jeffery, 2011) a clear division of the temporalis into lateral and medial parts is reported. A similar separation of the temporalis is reported in many rodents and other Glires, although various terminology is used throughout the literature, and this muscle is most often described as consisting of anterior and posterior parts (Turnbull, 1970; Hiiemae & Houston, 1971; Gorniak, 1977; Woods & Howland, 1979; Druzinsky, 2010a; Druzinsky et al. 2011) . A division into lateral and medial parts is apparent in the mouse; however, the exact boundaries of this division are equivocal on the micro-CT scan utilised in this study, especially as regards the superior region of the margin between the two parts. In this investigation we therefore report the temporalis muscle as medial and lateral parts but are cautious about the precise boundary and attachment points of the lateral temporalis (Fig. 3) . It is estimated that the lateral temporalis is the smaller portion, accounting for 23% of the overall temporalis muscle mass, whereas the medial portion accounts for 77% (Table 1 ).
Medial temporalis
The medial temporalis originates from a large area on the lateral surface of the cranium. This broad attachment to the floor of the temporal fossa extends as far posteriorly as the occipitoparietal suture and as far anteriorly as the posterior boundary of the first molar. There also appears to be a lateral expansion of the attachment of the medial temporalis onto the zygomatic process of the squamosal bone. This attachment is seen to extend as far laterally as the jugosquamosal suture (Fig. 4) .
Fibres of the medial temporal muscle run anteroventrally from the posterior margin of the origin until the anterior border of the attachment on the temporal fossa, where they pass ventrally down the deepest and most medial part of the frontal bone, medial to the jugal bone to insert onto the medial surface of the mandible. The attachment area of the medial temporalis is a large region directly dorsal to that of the pars reflecta of the superficial masseter and anterior to that of the external pterygoid. Encompassing the medial surface of the coronoid process, this insertion extends ventrally to the dental ridge and posteriorly to the point of greatest curvature between the coronoid and condyloid processes (Fig. 4F) .
Lateral temporalis
It is estimated that the lateral temporalis originates from the lateral surface of the medial temporalis. The true origin of this lateral portion is likely to be an aponeurosis or fascia overlying the medial temporalis, although this is difficult to determine with any clarity on micro-CT. Micro-CT images do show a septa between the lateral and medial parts of the temporalis, and fibre orientation differs slightly between the two parts, yet a fascial layer cannot be ascertained via this methodology (Fig. 5) . On dissection no comprehensive or significant fascia could be found overlying the temporalis muscle and, possibly due to the small size of the muscle, no clear division between a lateral and medial part could be found.
Fibres of the lateral temporalis run anteroventrally, passing medial to the jugal bone, alongside but lateral to the fibres of the medial temporalis. This small muscle then attaches to the tip and a small area of the lateral surface of the coronoid process (Fig. 4E) .
Pterygoids
The pterygoid muscles jointly account for 16% of the overall masticatory muscle mass. Of this, 16% the external pterygoid accounts for 29% and the larger internal pterygoid for 71% (Table 1) .
Fibre orientation in the pterygoids is difficult to resolve via micro-CT, but significant septa were apparent in both the internal and external muscles.
External pterygoid
The external pterygoid is a relatively small muscle compared with other masticatory muscles such as the deep masseter, accounting for just 5% of the overall muscle mass (Fig. 3) .
The external pterygoid originates from the cranial base, with an attachment area that lies just anterior to the tympanic bulla, extends laterally from the palatine process to the alisphenosquamosal suture (Fig. 4C) .
This small muscle then passes ventrolaterally to insert onto the medial surface of the condylar process, just ventral to the articular surface of the mandible (Fig. 4F) .
Internal pterygoid
The internal pterygoid is the larger of the two pterygoid muscles, accounting for 12% of the overall masticatory muscle mass in the mouse, giving this muscle a greater mass than that of the total zygomaticomandibularis muscle.
The internal pterygoid originates from the cranial base, with an attachment area that surprisingly is approximately half the size of that of its external counterpart. This attachment area runs medially from the palatine process to the pterygoid process, lying medial to the attachment of the external pterygoid (Figs 2C and 4C ).
The internal pterygoid muscle then passes posteroventrally as well as medially to insert onto the medial surface of the angle of the mandible, directly dorsal to the reflected attachment of the superficial masseter. This attachment area spans almost the entirety of the angle of the mandible as well as projecting anteriorly to almost meet the attachment of the pars reflecta of the superficial masseter (Fig. 4F ).
Discussion
The bony anatomy of the craniofacial complex is diverse in mammals and, as follows, so is muscle architecture. The high diversity of masticatory morphology has in turn led to diversity in nomenclature. With masticatory muscles particularly unique when compared with other mammalian groups, rodent morphology has been the focus of many investigations over the years (Cox & Jeffery, 2011; Druzinsky et al. 2011) . Despite numerous studies on the masticatory anatomy of rodents in general, nomenclature and muscle division are incompatible and inconsistent between authors.
Following the terminology of Cox & Jeffery (2011) , distinct muscles were determined through both dissection and detailed 3D segmentation and reconstruction of one Mus musculus individual with six well defined muscles identified and described.
As in all other published studies using the same methodology (Cox & Jeffery, 2011; Tsai & Holliday, 2011; Hautier et al. 2012) only one individual of the species had its craniofacial musculature reconstructed from a contrast-enhanced micro-CT scan; however, initially both left and right sides were reconstructed for intra-individual comparative purposes. This approach was coupled with classical dissection techniques to control for intraspecific variation. Although classical dissection methods are still valid and can provide highly detailed and accurate anatomical knowledge, for very small species such as the mouse this methodology can be problematic. Small yet highly significant reflections of muscles, such as the pars reflecta, which has been used previously to define the hystricognathous condition of the jaw (Woods, 1972) , are almost impossible to determine with confidence or accuracy by means of dissection but are revealed using reconstruction techniques. Reconstruction of contrast-enhanced micro-CT is not only advantageous in the anatomical investigation of small species but also provides a non-destructive method where soft-tissue and muscle layers can be examined in situ, providing accurate information regarding their relationships with one another without the need to remove or retract superficial layers of tissue. This technique also has the advantage that greater time and consideration can be given to the segmentation of structures and if detectable errors are made, these can be re-examined and corrected as many times as required without the need to start anew. However, boundaries between closely integrated muscles, such as the lateral and medial parts of the same muscles, are not always clearly visible on these scans. In this study the boundary and precise attachment of the lateral temporalis were indistinct. Although the medial temporalis clearly originates from the bone of the temporal fossa, it is difficult to distinguish whether any fibres of the lateral temporalis have their origin in the skull, or whether lateral temporalis fibres have their origin in an aponeurosis overlying the medial temporalis. Cox & Jeffery (2011) describe the latter arrangement in both the rat and squirrel, with the origin of the lateral temporalis extending over a large surface of the medial temporalis in the rat in comparison with a much more limited origin in the squirrel. These authors also describe difficulty resolving clear medial and lateral parts to the temporalis in the guinea pig (Cox & Jeffery, 2011) . Additionally, although it is possible that muscle shrinkage may occur with the iodine contrast-enhanced micro-CT technique, there is no discernible bias when comparing muscle volumes established by this technique with those measured following dissection (Table 1) and thus it may be assumed that any effect of muscle shrinkage is less than that of intraspecific variation.
Combining the results of both classical dissection and the contemporary method of contrast-enhanced micro-CT reconstruction provides a highly accurate and clear anatomical investigation of this thus-far largely undescribed region.
A unique finding of this study is the lateral expansion of the medial temporalis onto the zygomatic process of the squamosal bone in the mouse. Many previous studies regarding the masticatory musculature of rodents do not note such an attachment of the temporalis muscle onto the dorsal surface of the posterior portion of the jugal bone (Turnbull, 1970; Patel, 1978; Satoh & Iwaku, 2009; Cox & Jeffery, 2011) . Satoh & Iwaku (2006) do, however, make reference to a suprazygomatic portion of the temporalis muscle in Onychomys leucogaster, and a number of authors describe a third division of the temporalis by distinguishing the ventral-most fibres of this muscle, often those fibres have their origin from the zygomatic process of the squamosal (Woods, 1972; Weijs, 1973; Satoh & Iwaku, 2006; Hautier & Saksiri, 2009; Druzinsky, 2010a) . Hautier (2010) describes a unique arrangement of a third temporalis division in Ctenodactylus, although it is suggested that this is not universal among rodents but instead results from the distal position of the eye in this species, leading to a lateral displacement of the temporalis (Hautier, 2010; Cox & Jeffery, 2011) .
Recently renewed attention has been given to a possible function of the temporal fascia in primates in aiding the zygomatic arch to resist the tensions of the masseter muscle exerted during biting (Eisenberg & Brodie, 1965; Curtis et al. 2011) . Curtis et al. (2011) suggest that the substantial temporal fascia found in primates plays a critical role in stabilising the arch during biting. During biting, the bulge of the contracted temporalis results in a tensioned temporalis fascia which has been shown to generate a force great enough to oppose the downwards pull of the masseter ).
In this current study no temporal fascia of substance was found in the mouse either with dissection or segmentation. Little to no attention is given to, or observation made of, the temporalis fascia in the literature regarding the rodent masticatory apparatus (Turnbull, 1970; Patel, 1978; Satoh & Iwaku, 2006 Cox & Jeffery, 2011) . We might therefore conclude that despite both the sizeable deep masseter and the anterior and posterior regions of the zygomaticomandibularis attaching onto the zygomatic arch, in the mouse, and likely also in rodents, the temporal fascia plays no role in stabilising the arch during mastication. However, the lateral expansion of the attachment of temporalis onto the posterodorsal region of the zygomatic arch extending as far as the zygomaticosquamosal suture found in this investigation could be hypothesised to show a biomechanical solution in rodents analogous to that seen in primates, where the temporalis fascia may play an important role in stabilising the arch during downward loading. Fibre direction in this region is not consistently clear on the contrast-enhanced micro-CT; however, in regions where some direction does become apparent this appears to be consistent with a counterbalancing function. Such a discovery could prove to be a critical consideration when modelling mouse craniofacial anatomy for techniques such as FEA. Further investigation is needed to determine more precisely the nature and effect of this attachment and additionally whether such an arrangement is extended to other rodent species.
Other findings of this investigation provide an interesting comparison with other rodents and mammals. A dorsal elongation of the reflected part of the superficial masseter onto the medial surface of the mandible was identified in this investigation. This masseteric extension, termed the pars reflecta, has been reported in the rat and other rodents (Turnbull, 1970; Woods, 1972; Weijs, 1973; Hautier & Saksiri, 2009; Cox & Jeffery, 2011; Druzinsky et al. 2011) . Such an extension was found to be present in both rodents and lagomorphs but not in primates, with carnivores and ungulates also possessing masseteric extensions. The latter suggests that extensions of the masseter may have evolved independently several times in mammals to aid the production of large forces at the anterior dentition (Druzinsky et al. 2011) .
Perhaps the greatest implication of this current work is the potential for future applications in biomechanical modelling to further the utility of the mouse, and of other myomorph rodents including the rat in the understanding of form-function relationships in evolution and other fields. For instance, to carry out FEA, accurate data regarding muscle origin, attachment, mass, fibre orientation and general anatomy are required. In the past 10 years, FEA has been used as a modelling technique capable of answering questions in vertebrate biomechanics and evolution that could not previously be answered and thus remained largely unexplored. With the advent and availability of superb 3D imaging and robust computing power, morphologists can now address questions using engineering tools such as FEA that allow the construction of highly controlled in silico experiments. These techniques not only provide great benefit to the field of biomechanics in general (Chegini et al. 2009; Amin et al. 2011; Elkins et al. 2011) but are also playing an ever-increasing and central role in craniofacial biomechanics, allowing detailed and precise descriptions and comparisons of mechanical performance in different species and morphologies (Koolstra et al. 1988; Moazen et al. 2008; Moreno et al. 2008; Tseng, 2009; Chalk et al. 2011; Gr€ oning et al. 2011a, b; Nakashige et al. 2011; Panagiotopoulou et al. 2011; Reed et al. 2011) .
Computational simulations require a vast array of accurate data to produce biologically meaningful models of the craniofacial skeleton. Such necessary data includes the precise anatomical description relevant craniofacial tissues, data concerning the material properties of these tissues, and information regarding feeding mechanics that may be established through in vivo electromyography and kinematics (Gorniak, 1977; Cobb, 2011) . Although traditionally, knowledge of feeding patterns and mechanics was gained through electromyographical work, the accessibility of such techniques as well as ethical considerations has meant that there is a paucity of such important data. Where electromyography is not available or suitable, MDA is now a possible technique for the prediction of muscle activation patterns (Koolstra & van Eijden, 1992; Iwasaki et al. 2003; Westneat, 2003; Alfaro et al. 2004; Westneat, 2004; Grubich & Westneat, 2006; de Zee et al. 2007; Curtis et al. 2008 Curtis et al. , 2010a Curtis et al. , 2010b Curtis et al. , 2011 Moazen et al. 2008 Moazen et al. , 2009a Bates & Falkingham, 2012 ) Still a relatively uncommon method in mammalian taxa, MDA may be used to model the movements and forces between structures such as the cranium and mandible and in turn allows the prediction of muscle activation during feeding, modelling of jaw motion, and the investigation of the function of muscle parameters such as fibre length and muscle tension (Langenbach & Hannam, 1999; Peck et al. 2000; Hannam et al. 2008) . As with FEA, MDA requires as a prerequisite detailed and accurate anatomical descriptions of the relevant craniofacial tissues such as the muscles of mastication, and it is this description which this study provides for the mouse.
This study forms a preliminary basis for a series of future experimental applications. In prospective studies, mouse models will be used to address questions regarding modularity, integration and plasticity in the craniofacial complex. These and other concepts key to our understanding of evolution may be elegantly explored through the use of the mouse as a model organism, with the use of knockout mice allowing valuable experimental models to be created. The detailed and precise anatomical knowledge acquired in the current study permits the precise construction of biologically accurate representations of relevant anatomy and as such allows questions of biological and functional significance to be addressed accurately.
